ABSTRACT Background: Calcium intake may be important for bone health, but its effects on other outcomes, including cardiovascular disease (CVD) and cancer, remain unclear. Recent reports of adverse cardiovascular effects of supplemental calcium have raised concerns. Objective: We investigated associations of supplemental, dietary, and total calcium intakes with all-cause, CVD-specific, and cancerspecific mortality in a large, prospective cohort. Design: A total of 132,823 participants in the Cancer Prevention Study II Nutrition Cohort, who were followed from baseline (1992 or 1993) through 2012 for mortality outcomes, were included in the analysis. Dietary and supplemental calcium information was first collected at baseline and updated in 1999 and 2003. Multivariable-adjusted Cox proportional hazards models with cumulative updating of exposures were used to calculate RRs and 95% CIs for associations between calcium intake and mortality. Results: During a mean follow-up of 17.5 y, 43,186 deaths occurred. For men, supplemental calcium intake was overall not associated with mortality outcomes (P-trend . 0.05 for all), but men who were taking $1000 mg supplemental calcium/d had a higher risk of all-cause mortality (RR: 1.17; 95% CI: 1.03, 1.33), which was primarily attributed to borderline statistically significant higher risk of CVD-specific mortality (RR: 1.22; 95% CI: 0.99, 1.51). For women, supplemental calcium was inversely associated with mortality from all causes [RR (95% CI): 0.90 (0.87, 0.94), 0.84 (0.80, 0.88), and 0.93 (0.87, 0.99) for intakes of 0.1 to ,500, 500 to ,1000, and $1000 mg/d, respectively; P-trend , 0.01]. Total calcium intake was inversely associated with mortality in women (P-trend , 0.01) but not in men; dietary calcium was not associated with all-cause mortality in either sex. Conclusions: In this cohort, associations of calcium intake and mortality varied by sex. For women, total and supplemental calcium intakes are associated with lower mortality, whereas for men, supplemental calcium intake $1000 mg/d may be associated with higher all-cause and CVD-specific mortality.
INTRODUCTION
In the United States, recommendations to consume foods that are rich in calcium and vitamin D are included in dietary guidelines (1) . In addition, dietary supplements that contain calcium are taken by 43% of the overall population and by 62% of individuals $71 y of age (2) . Adequate calcium intake is important for bone health and several major physiologic functions (3) . However, beyond its benefits for bone health, the effects of calcium on other health outcomes are largely unclear.
The relation between calcium and cardiovascular disease (CVD) 7 is complex and may depend on the source of calcium (4) . Dietary calcium is generally weakly associated with a lower risk of incident or fatal CVD (4) . In contrast, studies on supplemental calcium have reported conflicting results, whereby positive associations with CVD risk and mortality were reported in several epidemiologic studies (5-7), especially in men (6) , but null or inverse associations were reported in other studies (8) (9) (10) (11) (12) (13) . A meta-analysis of several randomized clinical trials, primarily in older women, reported that calcium supplementation increased myocardial infarction (MI) risk by 24% and risk of a composite of MI or stroke by 15% (14) . Although the trials included in the meta-analysis were not primarily designed to assess the effect of calcium supplementation on cardiovascular events, these results raised concerns about the potential harms of supplemental calcium on the cardiovascular system.
With regard to cancer, there has been generally consistent observational evidence that calcium intake is inversely associated 1 Supported by the American Cancer Society. 2 Supplemental Tables 1-3 are available from the "Online Supporting Material" link in the online posting of the article and from the same link in the online table of contents at http://ajcn.nutrition.org.
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with colorectal cancer risk (15) (16) (17) , and a major clinical trial showed statistically significantly reduced colorectal adenoma recurrence with calcium supplementation (18) . In addition, some evidence has suggested that total or dietary calcium may be associated with lower risk of breast cancer (19, 20) and that total calcium or dairy intake may be positively associated with risk of prostate cancer (21) , but the World Cancer Research Fund considers the level of evidence "limited" for both types of cancer (22, 23) .
As reported herein, we comprehensively examined the associations of supplemental calcium intake with mortality from all causes and specifically mortality that is due to CVD and cancer, and second, we examined the associations of total and dietary calcium intake with mortality outcomes, in a large US prospective cohort study of men and women.
METHODS

Study population
The analytic cohort for this analysis consisted of men and women who were participating in the Cancer Prevention Study II (CPS-II) Nutrition Cohort, which is a prospective study of cancer incidence and mortality in US adults (24) and is a subset of the original CPS-II mortality cohort (25) . At baseline enrollment (1992-1993), w184,000 participants completed a mailed 10-page self-administered questionnaire regarding demographics, body size, medical history, diet, and other major lifestyle factors. Follow-up questionnaires were sent to participants in 1997 and biennially thereafter to update the exposure information and to learn of new cancer diagnoses (response rate was $89% for each follow-up questionnaire). The CPS-II Nutrition Cohort was approved by the Institutional Review Board of Emory University.
For this analysis, we excluded participants with a history of cancer at baseline (n = 21,785), a previous history of MI (n = 11,559), and a history of stroke (n = 2513) because these individuals may have changed their diets as a result of their diagnosis. We also excluded individuals with poorly completed dietary assessment instruments at baseline (n = 14,136) or uninterpretable calcium supplement intake (n = 1369). After these exclusions, 132,823 subjects remained eligible for this analysis, including 59,744 men and 73,079 women.
Dietary assessment
We first assessed calcium intake of participants at baseline (1992) (1993) with the use of a 68-item modified Block foodfrequency questionnaire (FFQ) (24, 26, 27) , and updated this information in 1999 and 2003 with the use of a 152-item modified Willett FFQ (24, (28) (29) (30) . Both FFQs included similar questions on the major food and beverage sources of calcium (Supplemental Table 1 ) (31). FFQ estimates for calcium and dairy products (a major source of dietary calcium) were in good agreement with estimates from dietary recalls or food records in validation studies (Pearson correlation coefficients ranged from 0.57 to 0.66 for calcium and from 0.52 to 0.88 for dairy products) (27) (28) (29) . Dietary calcium was adjusted for energy intake with the use of the residual method (32) , and total calcium was calculated as energy-adjusted dietary calcium plus raw supplemental calcium intake.
Outcome ascertainment
The vital status and cause of death were ascertained through linkage to the National Death Index up to 31 December 2012. The primary outcomes of this study were deaths from all causes, all cancers [International Classification of Diseases (ICD)-9 codes 140-208; ICD-10 codes C00-C97], and all CVDs (ICD-9 codes 390-459; ICD-10 codes I00-I99). Secondary outcomes included mortality that was specifically due to colorectal cancer (ICD-9 codes 153-154; ICD-10 codes C18-C20), lung cancer (ICD-9 codes 162; ICD-10 codes C33-C34), female breast cancer (ICD-9 codes 174-175; ICD-10 code C50), prostate cancer (ICD-9 code 185; ICD-10 code C61), ischemic heart disease (IHD; ICD-9 codes 410-414, ICD-10 codes I20-I25), and stroke (ICD-9 codes 430-438, ICD-10 codes I60-I69).
Statistical analysis
Supplemental calcium intake was categorized into 4 amounts on the basis of interpretable cutoffs for both sexes (i.e., 0, 0.1 to ,500, 500 to ,1000, and $1000 mg/d). We decided a priori to examine supplemental calcium intake $1000 mg/d because this dose was associated with higher CVD mortality in men from the NIH-AARP study (6) . Total calcium and dietary calcium were categorized according to sex-and questionnaire-specific quintiles. To best estimate long-term calcium intake, we cumulatively updated calcium intake at 1999 and 2003 by taking the mean of all reported intakes up to that year to predict outcomes that occurred during the subsequent period. Values for missing data were carried forward from the previous questionnaire.
We used Cox proportional hazards models to estimate RRs and 95% CIs. The underlying time axis for all models was the time since baseline enrollment. The person time began on the date of baseline enrollment and ended on the date of death or the end of mortality follow-up (31 December 2012), whichever came first. We assessed the proportional hazards assumption with the use of a likelihood ratio test by comparing models with and without an interaction term between a main exposure (in categories) and time.
We chose a priori to conduct all analyses separately for men and women because of previously reported heterogeneity by sex (6) and to adjust for total energy intake (quintiles) and age at enrollment (y) in all models. We also adjusted for quintile intakes of whole grain, red and processed meats, and total folate and for cigarette smoking (never smokers; former smokers who quit ,18.5, 18.5-24.9, 25-29.9, and $30), education (less than high school, high school graduate, some college or trade school, and at least college graduate), and hormone replacement therapy (HRT) for women (none, former, or current use) because these variables either changed the RR by .10% or were established predictors of the outcome. Dietary calcium was included in supplemental calcium models and vice versa. We further adjusted for a recent colonoscopy or sigmoidoscopy in models for colorectal cancer mortality and for recent mammography in models for female breast cancer mortality. Other covariates considered included race, marital status, physical activity, use of aspirin, nonaspirin nonsteroidal anti-inflammatory drugs (NSAIDs), and multivitamins, history of diabetes, high cholesterol, hypertension, and osteoporosis, and intakes of vegetables, fruit, vitamin D, and (for supplemental calcium CALCIUM INTAKE AND MORTALITY models only) dairy products. The Wald test was used to assess linear trends for the association between calcium and mortality by assigning the sex-specific median value for the quintile (for total and dietary calcium) or an ordinal variable for supplemental calcium category and modeling it as a continuous variable.
Several sensitivity analyses were conducted to assess the robustness of our findings as follows: 1) with the exclusion of the first 2 y of follow-up; 2) with the use of age as the alternative time scale; 3) by stopping the cumulative updating of calcium if incident cancer was diagnosed or a diagnosis of CVD was reported Quintiles in men: ,3.5, 3.5 to ,6, 6 to ,14, 14 to , 24.5, and $24.5; quintiles in women: ,3.5, 3.5 to ,4, 4 to ,14, 14 to ,18.5, and $18.5. by that time point because the development of comorbidities may affect participants' subsequent calcium intakes; and 4) with the exclusion of participants with a history of diabetes or chronic obstructive pulmonary disease at baseline.
We tested for an effect modification of supplemental calcium use and all-cause mortality by age at enrollment (,65 compared with $65 y), BMI (,30 compared with $30), physical activity (less than the median metabolic equivalent-hours per week compared with at least the median), smoking status (never compared with former compared with current), aspirin use (nonuser compared with user), other NSAID use (nonuser compared with user), and HRT use (never or former user compared with current user) with the use of likelihood ratio tests. All analyses were performed with the use of SAS version 9.3 software (SAS Institute).
RESULTS
The mean 6 SD age of participants at baseline was 62.6 6 6.3 y, and 45% of participants were men. Most subjects self-reported their race as white. Baseline characteristics of men and women by supplemental calcium intake are shown in Table 1 . Participants with higher supplemental calcium intake were generally older, better educated, more physically active, leaner, less likely to smoke, more likely to use NSAIDs and to currently use HRT (women), and to have an overall healthier diet. Participants with supplemental calcium intake from 0.1 to ,500 mg/d were more likely to take multivitamins, whereas those with intake $500 mg/d were more likely to take individual calcium supplements because multivitamins were counted as a source of a low amount of calcium, whereas individual calcium supplements were necessary to reach higher intakes.
In the 132,823 participants, 43,186 deaths (24,413 deaths in men; 18,773 deaths in women) occurred during a mean 6 SD follow-up of 17.5 6 4.5 y (range: 1 d to 20.2 y), including 13,157 deaths from cancer and 13,916 deaths from CVD. As shown in Table 2 , in men, there was no linear association between supplemental calcium intake and all-cause mortality (P-trend = 0.18), but men who consumed $1000 mg supplemental calcium/d were at higher risk of all-cause mortality (RR: 1.17; 95% CI: 1.03, 1.33). A similar pattern in men was observed between supplemental calcium and CVD-specific mortality although the RR for supplemental calcium intake $1000 mg/d was only borderline significant (RR: 1.22; 95% CI: 0.99, 1.51). No association was observed with cancer-specific mortality at any dosage. Men with supplemental calcium intake $1000 mg/d were also at borderline significant higher risk of death from all other causes (RR: 1.22; 95% CI: 0.99, 1.51), particularly death from respiratory system diseases (data not shown). In women, there were inverse associations that appeared nonlinear between supplemental calcium use and mortality from all causes and CVD, which were observed at all supplemental calcium intakes, but not from cancer because 95% CIs crossed 1.0 ( Table 2) . None of the sensitivity analyses, such as the exclusion of the first 2 y of follow-up, changed the results materially.
The associations of supplemental calcium with the 4 leading types of cancer (lung cancer, colorectal cancer, female breast cancer, and prostate cancer) and 2 major types of ischemic heart disease (IHD) and stroke are shown in Table 3 . Supplemental calcium was not associated with these mortality outcomes in men. In women, supplemental calcium was inversely associated with mortality from IHD and had a U-shaped association with stroke mortality; there were significant trends of inverse associations with colorectal cancer and breast cancer, but 95% CIs crossed 1.0. Supplemental calcium intake was cumulatively updated in 1999 and 2003. Models were adjusted for age at enrollment, intakes of total energy, whole grain, red and processed meats, and total folate, smoking and alcohol-drinking doses, educational level, BMI, dietary calcium intake, and hormone replacement therapy (for women). RRs (95% CIs) were calculated with the use of Cox proportional hazards models. P-trend values were calculated with the use of Wald test. CPS-II, Cancer Prevention Study II.
CALCIUM INTAKE AND MORTALITY
We observed an effect modification by the use of aspirin and HRT in the association between supplemental calcium use and all-cause mortality ( Figure 1 ). For men, intake of $1000 mg supplemental calcium/d was more strongly associated with higher all-cause mortality in aspirin nonusers than in regular users (P-interaction , 0.01). For women, intake of $1000 mg supplemental calcium/d was associated with lower all-cause mortality only in regular aspirin users or HRT never or former users (P-interaction = 0.01).
Total calcium intake was not associated with mortality outcomes in men but was inversely associated with all-cause, cancerspecific, and CVD-specific mortality in women. Dietary calcium was generally not associated with all-cause, cancer-specific, or CVD-specific mortality in either men or women (Supplemental Tables 2 and 3 ).
DISCUSSION
The results from this large prospective cohort study suggest that supplemental calcium intake is inversely associated with all-cause mortality in women. In men, there is no association between supplemental calcium and mortality overall; however, daily consumption of $1000 mg supplemental calcium/d may be associated with higher mortality (especially from noncancer causes such as CVD) in men. Total calcium intake was not associated with all-cause mortality in men but was inversely associated with all-cause mortality in women. Dietary calcium intake was not associated with mortality in both sexes. Our results provide evidence that calcium consumption (especially from supplements) may be beneficial for women; however, calcium supplements may have potential adverse CVD effects at very high intake levels in men.
We are not aware of any randomized clinical trials that were specifically designed to test the effect of calcium supplements on CVD events as the primary outcome. Meta-analyses of several trials that monitored CVD events as secondary outcomes reported higher risks of MI and a composite outcome (MI or stroke) in subjects who were randomly assigned to receive calcium compared to placebo (14, 33) , although findings from 2 trials did not concur (34, 35) . Several large, prospective observational studies also reported positive associations of supplemental calcium use and CVD risk or mortality: The European Prospective Investigation into Cancer and Nutrition-Heidelberg cohort showed Models were adjusted for age at enrollment, intakes of total energy, whole grain, red and processed meats, and total folate, smoking and alcohol-drinking doses, educational level, BMI, dietary calcium intake, and hormone replacement therapy (for women). We further adjusted for colonoscopy or sigmoidoscopy in colorectal cancer models and mammography in female breast cancer models. Supplemental calcium intake was cumulatively updated in 1999 and 2003. RRs (95% CIs) were calculated with the use of Cox proportional hazards models. P-trend values were calculated with the use of Wald test. CPS-II, Cancer Prevention Study II. 2 Results were combined for the 500 to ,1000 and the $1000 categories because of the small numbers of deaths.
that regular intake of supplemental calcium was associated with higher risk of incident MI in both sexes (7), a study in Finland observed 24% higher risk of incident IHD in women who took any calcium or calcium plus vitamin D supplements (5), and the NIH-AARP study reported higher risk of CVD death in men who consumed .400 mg supplemental calcium/d (especially in men who consumed $ 1000 mg/d) but not in women (6) . Conversely, several other large observational studies reported null or inverse associations between supplemental calcium use and CVD risk or mortality (8) (9) (10) (11) (12) (13) . Reasons for the conflicting results in the observational studies are unclear but may have been related to the different doses examined; our study and the NIH-AARP study showed direct associations of supplemental calcium intake with cardiovascular events in men at very high doses, whereas several previous studies with null results compared lower doses of supplemental calcium intake with no intake in men or women (9, 12, 13) .
One of the mechanisms that underlies the potential adverse cardiovascular effect of supplemental calcium may be vascular calcification. There has been evidence that the ingestion of calcium supplements but not of calcium-rich foods may lead to an acute increase in serum calcium (4, 36, 37) . This increase may be sustained in the long term as evidenced by a persistently lower concentration of serum parathyroid hormone (which acts to restore serum calcium when the concentration is low) during 2 y of calcium supplementation in 323 healthy men (38) . A high serum calcium concentration may contribute to vascular calcification (39) as shown in several studies in dialysis patients that consistently reported positive associations between arterial calcification and calcium supplement intake or a higher serum calcium concentration (40) (41) (42) although this result has not been supported by all studies (43) . Vascular calcification has been linked to higher CVD risk or mortality across several ethnic groups (44) (45) (46) . This adverse effect may counteract several protective effects of calcium on the cardiovascular system (e.g., the favorable regulation of cholesterol, blood pressure, and insulin sensitivity) (4).
The observed heterogeneity by sex in our cohort was consistent with results from the NIH-AARP cohort, which also primarily consists of older white participants and was initiated in the 1990s (6) . Reasons for the observation of no excess mortality associated with calcium supplementation in women are unclear especially considering that, in previous calcium trials that reported elevated CVD risks, participants were primarily older women who were not concurrently taking vitamin D supplements (i.e., in many trials, the primary trial outcome was bone health) (33) . One possible explanation for the observed heterogeneity by sex is that there are different patterns of bias for men and women. It is possible that, for women, calcium supplement use may be associated with better health care or health-seeking behaviors (which, in turn, may be associated with lower mortality) because of the suggested benefit of calcium in preventing or treating osteoporosis (47) (48) (49) . In contrast, for men, intakes of high doses of supplemental calcium (especially $1000 mg/d) may be associated with medical conditions that are potentially related to higher mortality (e.g., fracture, rheumatoid, or osteoarthritis), which raises the possibility of confounding by indication. However, our study did not comprehensively collect information on these potential confounding factors throughout all questionnaires; therefore, whether the heterogeneity by sex is due to potential biases warrants investigation in future studies.
The fact that calcium supplement doses $1000 mg/d were associated with higher mortality risk in men, and yet, the highest quintile consumption of total calcium (diet plus supplements) was not associated with increased risk, could be partially explained by the fact that dietary intakes drive total intakes in men; the mean supplemental calcium intakes in men in the top quintile of total calcium intake were 242, 318, and 337 mg/d in 1992, 1999, and 2003, respectively.
We observed an effect modification by aspirin use in the association between supplemental calcium and all-cause mortality: despite the differences in the overall RR in men and women, both RR estimates were significantly lower in aspirin users than in nonusers. The mechanisms for such an interaction remain unclear, and we are not aware of previous reports on such interactions in relation to overall mortality. We also observed an interaction with HRT use in women such that the inverse association between supplemental calcium and all-cause mortality was only observed in HRT never or former users but not in current users. Such an interaction is theoretically plausible because there is evidence that estrogen therapy may increase calcium binding protein amounts and induce bone mineralization, both of which lead to a reduced systemic bioavailability of calcium (50) . This effect may mask an inverse association between supplemental calcium and mortality in women. Overall, with consideration that we tested multiple potential effect modifiers, whether these observed interactions are true or due to chance deserve additional investigation.
The strengths of this study include its prospective design, large sample size, and detailed information on covariates. The large sample size enabled us to study very high supplemental calcium intakes (e.g., $1000 mg/d, which is uncommon in men) at which adverse effects on CVD risk may occur. Repeated assessments captured long-term calcium intake, which was not always available in other studies. There were also several limitations. We used different FFQs at baseline and follow-up dietary assessments; however, both FFQs were well validated and asked similar questions concerning the major sources of calcium intake in the United States. Although we adjusted for a variety of covariates, there may still have been confounding by unmeasured confounders (e.g., access to health care). Our cohort primarily consisted of white, middle-class, well-educated participants, and our findings may have limited generalizability to other populations.
In conclusion, we showed that calcium intakes are associated with lower mortality in women even at low intakes. However, in men, high intake of supplemental calcium ($1000 mg/d) may be associated with higher all-cause mortality risk, and such potential adverse effects warrant additional study.
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